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Abstract. One of the remaining challenges within the standard model is to gain a good understanding of QCD in the non-
perturbative regime. One key step toward this aim is baryon spectroscopy, investigating the spectrum and the properties of baryon
resonances. To get access to resonances with small piN partial width, photoproduction experiments provide essential information.
In order to extract the contributing resonances, partial wave analyses need to be performed. Here, a complete experiment is re-
quired to unambiguously determine the contributing amplitudes. This involves the measurement of carefully chosen single and
double polarization observables. The CBELSA/TAPS experiment with a longitudinally or transversely polarized target and an en-
ergy tagged, linearly or circularly polarized photon beam allows the measurement of a large set of polarization observables. Due to
its good energy resolution, high detection efficiency for photons, and the nearly complete solid angle coverage it is ideally suited
for the measurement of photoproduction of neutral mesons decaying into photons. Recent results for various double polarization
observables in pi0 and η photoproduction and their impact on the partial wave analysis are discussed.
INTRODUCTION
The spectrum of excited nucleon states reflects the dynamics of QCD in the non-perturbative regime. It has been stud-
ied for many years using pi beams. However, the spectrum of known nucleon resonances is in conflict with predictions
from quark models [1, 2]. Most obvious is the missing resonance problem, the fact that more states are predicted
by the models at higher masses than have been observed experimentally. But also the ordering of excited states with
positive and negative parity is partly in disagreement, the most prominent example being the N(1440) 1/2+ which
is predicted by most quark models to be heavier than the N(1535) 1/2−. QCD calculations on the lattice [3], though
using unphysically large quark masses, yield a similar pattern as the non-relativistic quark model. Measuring the prop-
erties of the known resonances more precisely and searching for the missing resonances is essential to understand the
discrepancies between theory and experiment.
Photoproduction experiments allow access to resonances with small piN couplings and therefore have great poten-
tial to observe the missing resonances. The contributing resonances are extracted from the measured data in a partial
wave analysis (PWA). In order to do this in an unambiguous way, a complete experiment [4] is needed, which requires
the measurement of polarization observables. In this paper, the measurement of single and double polarization ob-
servables accessible with linearly polarized beam and a transversely polarized target are reported. They complement
our published results with a longitudinally polarized target and linearly [5] and circularly [6] polarized beam.
EXPERIMENTAL SETUP
The data presented were obtained with the CBELSA/TAPS experiment at ELSA [7]. The linearly polarized photon
beam was produced from the incident 3.2 GeV electron beam via coherent bremsstrahlung off a carefully aligned
diamond crystal [8]. The coherent edge was set to Eγ = 950 MeV, resulting in a maximumum polarization of 65%
at Eγ = 850 MeV. The electrons passed through a magnet hitting a tagging hodoscope which defined the energy of
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FIGURE 1. The experimental setup of the CBELSA/TAPS experiment.
the bremsstrahlung photons. The photon beam impinged on a frozen spin butanol target [9] providing transversely
polarized protons with an average target polarization of 74%.
The detector system, which is shown in Figure 1, consisted of two electromagnetic calorimeters, the Crystal
Barrel [10] and the MiniTAPS detector [11], together covering the polar angle range from 1◦ to 156◦ and the full az-
imuthal angle. For charged particle identification, a three-layer scintillating fiber detector [12] surrounding the target,
and plastic scintillators in forward direction could be used. The detector setup provides a high detection efficiency for
neutral particles and is therefore ideally suited to measure single and double polarization observables in reactions with
neutral final states.
DATA ANALYSIS
To select events from reaction γp → γγp, only events with three distinct calorimeter hits were retained. All three
possible combinations were treated as γγp candidates, with the proton being treated as a missing particle. A time co-
incidence was required between the tagger hit and the reaction products, and random time background was subtracted.
Kinematic cuts were applied to ensure longitudinal and transverse momentum conservation within ±2σ, and the miss-
ing mass had to agree with the proton mass within ±2σ. Finally, events from reaction γp → pi0 p or ηp were selected
by requiring the γγ invariant mass to be within ±2σ of the pi0 or η mass, respectively. Examples for the missing mass,
angular difference, and γγ invariant mass distributions are shown in Figure 2. The final data sample contains a total
of 1.7 million pi0 p and 170 thousand ηp events. The background contamination below the pi0 peak in the γγ invariant
mass spectrum is less than 1% for all energies and angles, for the η it is below 2%.
Since a butanol target was used, not only reactions off polarized and unpolarized free protons contribute to the
selected event sample, but also reactions occurring off the bound unpolarized nucleons of the carbon and oxygen
nuclei. The measured target polarization pt is therefore diluted by a factor d. Additional measurements using a carbon
foam target were performed to determine the effective dilution factor d as a function of the beam energy Eγ and the
angle θ of the produced meson in the center-of-mass frame:
d(Eγ, cos θ) = NfreeNbutanol =
Nbutanol − Ncarbon
Nbutanol
, (1)
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FIGURE 2. (a) The missing mass distribution, with the proton as the missing particle, (b) the polar angle difference of measured and
missing proton, (c) the azimuthal angle difference of meson and proton, and (d) the γγ invariant mass distribution. The distributions
are shown—after all other cuts discussed in the text are applied—for butanol (), carbon(◦), and their difference (△).
which assumes that the nucleons bound in carbon and oxygen show the same response to the impinging photons. The
carbon foam target had the same size as the butanol target and approximately the same area density as the carbon
and oxygen part in the butanol. The carbon target replaced the butanol target in the frozen spin cryostat to match the
experimental conditions of the butanol measurement as closely as possible. The carbon data was normalized to the
butanol data in a kinematic region where no contribution from free protons is expected. The missing mass and angular
difference distributions in Figure 2 are smeared out for the carbon data because of the unknown Fermi momentum
in the initial state. The difference between the butanol and the carbon data yields the free proton results. For further
details on the dilution factor determination see Ref. [13].
With a linearly polarized photon beam and a transversely polarized target the distribution of events N as a function
of the azimuthal angle φ between the scattering plane and the photon polarization plane is given by
N(φ)
N0
= 1 − pγ Σeff cos(2φ) + d pt T sin(φ − α) − d pt pγ
[
P cos(2φ) sin(φ − α) − H sin(2φ) cos(φ − α)
]
, (2)
where α is the azimuthal angle between the target polarization vector and the photon polarization plane, pγ is the
degree of linear beam polarization, and pt is the target polarization degree. The occuring polarization observables Σeff
(which mixes the beam asymmetry from free and bound nucleons), T , P, and H are determined, for each (Eγ, cos θ)
bin, from an event-based maximum likelihood fit [14, 15] to the measured azimuthal distribution of events. At energies
above Eγ = 933 MeV, where pγ is small, only T is determined.
Systematic uncertainties include the uncertainty in the degree of photon (4%) and proton (2%) polarization, in the
dilution factor (1%–4%, due to the relative normalization of the carbon data), and an additional absolute uncertainty
due to the remaining background contribution. Further details on the estimation of the systematic uncertainties can be
found in Refs. [8, 9, 15].
RESULTS
Reaction γp → pi0 p
Results for the polarization observables T , P, and H are shown in Figure 3. The data agree well with previously
reported measurements but exceed the old data in precision and coverage in angles and energy. The agreement with
predictions from BnGa2011 [16], MAID [17], SAID (CM12) [18], and Ju¨Bo [19] is, in general, quite good.
Our data up to Eγ = 930 MeV were used as a basis for an energy-independent PWA [20], allowing for the
determination of the N(1520) 3/2− helicity amplitudes with minimal model dependence. All the data were included
in the BnGa multi-channel PWA, together with our recently published data on G [5] and E [6], and further data on
other channels.1 Starting from the previous solutions BnGa2011-01 and BnGa2011-02 [16] all parameters were re-
optimized. The newly determined multipoles are compatible with the previous ones at the 2σ level over the full mass
range. The errors are significantly reduced, on average by a factor of 2.25 [13]. The impact of the new data on the
SAID and Ju¨Bo analyses is currently being investigated in a joint effort of the analysis groups [21, 22].
1For a complete list, see [13], ref. [25] therein.
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FIGURE 3. The polarization observables T , P, and H in the reaction γp → pi0 p as a function of the scattering angle cos θpi and the
γp invariant mass W (in GeV, only every second bin is shown here). The systematic uncertainty is shown as gray bars. References
to earlier data (red points) are given in [16], refs. [49-71] therein. The solid black line represents the BnGa2014 fit [13]. The data
are compared to predictions (dashed curves) from BnGa2011-02 [16] (red), MAID [17] (green), SAID [18] (blue), and Ju¨Bo 2015
[19] (magenta).
Reaction γp → η p
Preliminary results for the polarization observables T , P, and H are shown in Figure 4. Large deviations from the data
are observed for the predictions from MAID [17], SAID [25], BnGa2011 [16], Gießen [26], and the Ju¨Bo model [19],
emphasizing how important these new data are to constrain the amplitudes for η photoproduction.
The analysis of our new data on T , P, and H, together with not yet published data on E and G and further data
from Mainz (T , F) [24] and JLab [27] (E) by the BnGa group is presently ongoing. The results will be published in
the near future [28].
SUMMARY AND OUTLOOK
Data have been taken with the CBELSA/TAPS experiment using linearly or circularly polarized photons and a logi-
tudinally or transversely polarized target. In pi0 photoproduction, the unprecedented precision of the data significantly
reduces the errors of the PWA. In η photoproduction, where several observables are now measured for the first time,
the new data are crucial to constrain the photoproduction amplitudes. Further reaction channels are also being in-
vestigated. In particular multi-meson final states like ppi0pi0 or ppi0η are sensitive to cascade decays of higher-mass
resonances via intermediate N∗ and ∆∗ states [29, 30, 31].
We acknowledge support from the Deutsche Forschungsgemeinschaft (SFB/TR16) and Schweizerischer Nation-
alfonds.
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FIGURE 4. The polarization observables T , P, and H in the reaction γp → ηp as a function of the scattering angle cos θη and the
γp invariant mass W (in GeV). The systematic uncertainty is shown as gray bars. Earlier ELSA data [23] (red) and recent MAMI
results [24] (green) are shown for comparison. The solid black line represents a preliminary BnGa fit. The data are compared
to predictions (dashed curves) from BnGa2011-02 [16] (red), MAID [17] (green), SAID GE09 [25] (blue), and Ju¨Bo 2015 [19]
(magenta).
